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were studied using artificially inoculated healthy wild coffee plants with germinated teliospores. Only telia were observed on the inoculated plants, indicating that this rust fungus has an abbreviated microcyclic life cycle that includes only teliospores and basidiospores. Phylogenetic analysis based on internal transcribed spacer and partial large subunit (LSU) sequence data showed that the wild coffee rust pathogen is related to Macruropyxis fraxini, Puccinia bartholomaei, P. choridis, and P. sparganioidis. The herbarium sample of P. psychotriae was examined and was shown to be different with respect to telium size and teliospore dimensions (24 to 32 by 13 to 18 mm). Therefore, the rust pathogen causing wild coffee rust is a new species, P. mysuruensis sp. nov.
Rust fungi (phylum Basidiomycota, subphylum Pucciniomycotina, Order Pucciniales) constitute one of the largest groups of basidiomycetes. More than 7,000 species (in over 100 genera) of rust fungi have been reported (Aime 2006; Aime et al. 2006; Cummins and Hiratsuka 2003; Hooker 1967) . Puccinia, the largest genus, consists of over 4,000 species and is characterized by the production of pedicillate, bicelled teliospores. Puccinia spp. cause some of the most destructive diseases on crop plants (Cummins 1959; Hiratsuka 1955; Laundon and Waterston 1965; Mundkur 1949, 1950) . Rust fungi have been divided into three categories depending upon the number of spore states in their life cycle: macrocyclic, demicyclic, and microcyclic (Cummins and Hiratsuka 2003) . Typical macrocyclic rust fungi produce five spore states (teliospores, basidiospores, spermatia [pycniospores] , aeciospores, and urediniospores), which occur on either a single host (autoecious) or two hosts (heteroecious). Absence of the uredinial spore state is classified as demicyclic and absence of both uredinial and aecial spores states as microcyclic.
Psychotria nervosa Sw. (Rubiaceae) is an evergreen, shade-tolerant shrub that is native to Florida and Central America; it is also commonly found in scrub jungles in India (Liogier 1997; Stevens et al. 2001 ). This shrub is commonly called wild coffee, because the fruit resembles the true coffee bean (Gilmen 2011) . Different parts of this plant are used in ethno-medicinal preparations, especially by tribes of southern India and Bangladesh, for treatment of dysentery, colds, stomach ache, asthma, sores, boils, swollen feet, and fungal infection (Biswas et al. 2010; Porto et al. 2009 ).
During a survey (2010 to 2013), a new rust disease was observed on P. nervosa in three regions of the Mysore District of Karnataka State, India. The present study reports (i) description of the disease; (ii) characterization of the fungal pathogen, including spore morphology, germination of teliospores, inoculation studies, and phylogenetic study based on partial sequence of internal transcribed spacer (ITS) large subunit (LSU) ribosomal DNA (rDNA); (iii) description of the herbarium sample of Puccinia psychotriae; and (iv) description of a new rust pathogen species, P. mysuruensis.
Materials and Methods
Sample collection and disease assessment. A rust disease on Psychotria nervosa was observed in three regions of Mysore District (Doddamaragowdana Hally: 12°17.145¢ N, 076°30.892ʹ E; Mada Hally: 12°17.149ʹ N, 076°30.911ʹ E; and G. B. Sargur: 12°16.171ʹ N, 076°29.368ʹ E). Disease incidence was assessed during 2010, 2011, 2012 and 2013 . In total, 891 wild coffee plants were evaluated in three different sites (Table 1) . Disease incidence was estimated using total number of plants observed and number of plants with rust symptoms. In total, 10 leaves from each 10 plants (n = 100 leaves) were collected and disease severity was assessed using an ordinal disease scale of 1 to 5 (Morin et al. 2012) , where 1 indicates no visible symptoms; 2 indicates chlorotic, yellow spots on the adaxial surface, a protrusion on the abaxial surface; 3 indicates purplish, necrotic flecks, spots with underdeveloped telia; 4 indicates fully developed telia that covered less than 25% of the leaf surface area; and 5 indicates fully developed telia with a purplish halo that covered more than 25% of the leaf surface. A representative voucher specimen with well-developed disease symptoms was deposited in the Herbarium of the Department of Studies in Botany, University of Mysore (accession number: UOMMGB-201011).
Micromorphological studies. Fresh leaf samples with rust symptoms were examined using a Carl Zeiss Stereo Discovery microscope (Carl Zeiss Microscopy, LLC). Teliospores from fresh leaf samples were mounted in 50% glycerol and viewed with a bright-field fluorescent microscope (Olympus BX51), and digital images were obtained with a SPOT RT digital camera (Olympus Corporation). Dried and herbarium leaf samples containing rust fungal structures were rehydrated in a moist chamber for 18 h, stained with lactophenol aniline blue (Remel; Lenexa), and mounted in 50% glycerol. For these samples, teliospores were examined using a Nikon Eclipse 90i microscope using NIS Elements AR software v 4.30 (Nikon Instruments Inc.). Teliospore dimensions (length, width, and cross-sectional area) were determined as described by Anikster et al. (1997 Anikster et al. ( , 2004 . Staining of nuclei was done as described by Anikster et al. (2004) .
The type collection of Puccinia psychotriae (3152) was obtained from the Herbarium Hamburgense, University of Hamburg for examination. This represents the only known collection of P. psychotriae (Hennen et al. 2005) . Hennings (1905) first published a description of P. psychotriae and a partial English translation was included in Hennen et al. (2005) . In these publications, uredinia or telia size and images of the spores were not included. Therefore, examination and further description of the herbarium specimen was warranted. Teliospore and urediniospores dimensions were determined as described above.
Induction of teliospore germination. Teliospores were induced to germinate using six different conditions (Anikster 1986; Anikster et al. 2004) . Collected teliospores from infected dried leaf material were floated on distilled water of a clean cavity slide, and incubated under the following conditions: (i) 4 to 8°C under a photoperiod of 12 h of darkness and 12 h of light up to 24 h; (ii) 12 to 16°C under continuous light up to 24 h; and (iii) 12 to 16°C under complete darkness up to 24 h. After the initial incubation period, teliospores were placed on 1.5% water agar (amended with chloramphenicol at 5 mg/liter) and incubated at room temperature (26 ± 2°C) for 3 to 5 days and observed regularly for the germination of teliospores: (iv) teliospores from infected tissue were floated on water and incubated at 12 to 16°C under a photoperiod of 12 h of light and 12 h of darkness up to 24 h; (v) leaf segments with telia were incubated in a moist blot chamber at 12 to 16°C under a photoperiod of 12 h of light and 12 h of darkness for up to 24 h; and (vi) leaf segments with telia were cut out and incubated in a moist chamber at 12 to 16°C for 24 h under continuous darkness. Teliospores were then scraped off and placed on a cavity slide with water at the same temperature. At regular intervals, teliospore samples were removed and examined for germination. These six treatments were repeated using fresh leaf samples containing telia. Observations were made at 1, 3, 6, 12, 18, 24, 36 , and 48 h, and at the onset of teliospore germination and basidium development was recorded. The experiments were repeated thrice and, in each experiment, 100 teliospores (n = 100) were evaluated for germination. Inoculation studies under field conditions. Experiments in the field were performed at three different sites (Doddamaragowdana Hally, Mada Hally, and G.B. Sargur) with wild Psychotria nervosa plants (2 years old) to determine life cycle and pustule development. Experiments were conducted after a period of continuous rain for 3 to 4 days with 85% relative humidity during two seasons (October 2012 and May 2013) . Disease-free plants were inoculated with a teliospore suspension (1 × 10 5 teliospores ml
) by spraying the foliage of 10 healthy plants until the leaves were fully wet and the spore suspension began to run off. The treated foliage was then covered with a polythene bag for up to 5 days. As a control, healthy leaves were sprayed with sterile distilled water. Development of disease symptoms was recorded after 30 days postinoculation. Photographs were taken from initial symptoms through complete development of telia.
Polymerase chain reaction amplification, sequencing ITS-LSU of rDNA, and phylogenetic analysis. Total DNA was extracted from infected leaf material as described by Anikster et al. (2004) . Briefly, dried infected leaf sample was pulverized by grinding in tubes with 1-mm glass beads (Lysing Matrix C; Bio 101) and 25 mg of diatomaceous earth (Sigma-Aldrich) using a Savant FastPrep shaker (FP120). DNA was extracted using an OmniPrep DNA extraction kit (G-Biosciences), as described by the manufacturer. ITS1F and RUST1 primers were used for polymerase chain reaction (PCR) amplification and the resulting products were purified, cloned, and sequenced (Anikster et al. 2004) . At least three clones per sample were sequenced completely across both strands. DNA sequence analysis was performed using the software package Geneious (v 8.1.8; Biomatters). Blast search of the GenBank nonredundant sequence database (conducted 22 December 2015) was used to identify sequences of rust fungi that were related for phylogenetic analysis (Supplementary Table S1 ). DNA sequences were aligned using the module MAFFT v 7.017 (Katoh et al. 2002) , with default settings and ends trimmed so that all sequence alignments were of equal length. Phylogenetic analysis was performed using PhyML module (Guindon and Gascuel 2003) with 1,000 bootstrap replicates.
For the Puccinia psychotriae herbarium sample, combinations of ITS1F, ITS1rustF10d (Barnes and Szabo 2007; Gardes and Bruns 1993) , and Rust2inv (Aime 2006) as forward primers and RUST1, ITS2, ITS4, and ITS4B (Kroop et al. 1995; White et al. 1990 ) as reverse primers were used, as described by Anikster et al. (2004) . PCR reactions contained 0.005% casein, 1× PCR PlatiniumTaq PCR mix, x SD = standard deviation and nd = no data. y Fresh = fresh spores, Dried = dried sample rehydrated and stained with lactophenol-aniline blue, Combined = combined data from fresh and dried samples, Type = herbarium sample rehydrated and stained with lactophenol-aniline blue (Herb. Hamburg Number 3152), and Hennings = data from Hennings(1905) . z Number of spores. Values are the mean of three replications. Mean followed by the same letters within the column are not significantly different according to Tukey's honestly significant difference. x For treatments (Trt) 1 through 4, teliospores were floated on water for 24 h, then transferred to water agar (1.5%) plates. For treatments 5 and 6, infected leaf segments with telia incubated in a moist chamber for 24 h; then, were teliospores removed and placed in cavity slide containing water. y Temperature. z Photoperiod (light/darkness).
1.5 mM MgCl 2 , 0.2 mM dNTP each, 0.2 mM forward primer, 0.2 mM reverse primer, and 2 U of PlatiniumTaq (Invitrogen). The PCR conditions were 94°C for 2 min; followed by 31 cycles of 94°C for 30 s, 44°C for 30 s, and 72°C for 2 min; and 72°C for 10 min with a hold at 4°C in a PCR Thermal Cycler (Model PTC-200, MJ Research). The annealing temperature was varied depending on the primer combinations used.
Statistical analysis. Statistical analysis of teliospore dimensions was performed using the program Wizard v1.7.19 (www.wizardmac.com) with Mann-Whitney test to determine whether the median values were different between sets. Data on teliospore germination were subjected to analysis of variance using SPSS Inc. 16.0. Significant effects of treatments were determined by the magnitude of the F value (P # 0.05) and means were separated by Tukey's honestly significant difference test.
Results
Sample collection and disease assessment. The development of rust disease on Psychotria nervosa was observed during the rainy seasons (April to May and September to November) under field conditions of high relative humidity (>85%) lasting for a minimum of 5 days. Initial symptoms consisted of chlorotic spots (2 to 5 mm) on the adaxial surface of the leaf, followed by circular black pustules on the abaxial leaf surface (Fig. 1) . Mature pustules ranged in diameter from 2 to 12 mm. In some instances, a telium erupted through the chlorotic spots on the adaxial leaf surface. Occasionally, telia were observed on stems. The spermogonia (pycnia), aecia, and uredinia stages of the wild coffee rust fungus were not observed on P. nervosa during the course of this study.
The disease incidence and severity of wild coffee rust was evaluated during the rainy seasons in 2010 to 2013 at three different locations in Mysore District of Karnataka, India. The disease incidence ranged from 34 to 66% and severity from 2 to 5 (Table 1) .
Micromorphological studies. Teliospores were two-celled, broadly oblong to clavate, rounded above, attenuate below, slightly constricted at the septum, and smooth. Teliospore dimensions (length, width, and cross-sectional area) of teliospores from fresh and dried samples were measured, as well as cell wall thickness. No significant differences were found between the measurements from fresh or dried teliospore samples (P = 0.358). Therefore, the data sets for length and width were combined (Table 2) . Pedicel were hyaline, persistent, and with a length up to 182 mm (n = 50).
Teliospore germination. The greatest germination of teliospores was observed with fresh, infected leaf material with telia incubated in a moist chamber at 12 to 16°C for 24 h in the dark, followed by incubating just teliospores on a cavity slide with sterile water, with a mean germination rate of 70% with complete metabasidium and basidiospore development (Table 3) . Within 18 h of transfer to the cavity slide, teliospores with fully developed metabasidia and basidiospores were observed. Metabasidia typically contained four cells, each producing a sterigma and basidiospore. Germinated basidiospores were often observed. In some cases, both cells of a teliospore germinated (data not shown). Nuclear staining showed the typical progression of the teliospore germination from diploid nucleus ( Fig. 2A) , through nuclear migration into the metabasidium (Fig. 2B) , followed by meiotic division (Fig. 2C and D) and formation of four haploid cells (Fig. 2E) . During basidiospore formation, nuclear migration followed by mitotic division occurred (Fig. 2F) , which resulted in mature basidiospores with two haploid nuclei (Fig. 2G) . Mature basidiospores were hyaline, ovate, elliptical, and smooth (9.93 to 18.21 by 6.3 to 7.93 mm).
Inoculation studies conducted under field conditions. When healthy leaves of P. nervosa were inoculated with fresh teliospores suspended in water, the first symptom was observed 4 to 5 days postinoculation (dpi), consisting of small chlorotic spots on the adaxial surface of the leaf. Fully developed telia were observed on the abaxial leaf surface 11 to 12 dpi. Inoculation studies under field conditions produced disease incidence of 50, 20, and 30% at Doddamaragowdana Hally, Mada Hally, and G.B. Sargur, respectively. No disease was observed on mock-inoculated control plants.
Telium development on the abaxial leaf surface progressed through four distinct phases. Initially, small white patches (<0.5 mm) were observed (Fig. 3A) . In the next phase, protrusions developed and, as these expanded, dark spots appeared ( Fig. 3B and C) . As individual protrusions further expanded, these coalesced and turned brown or black from the center to the periphery (Fig. 3D and E) . In the final phase, the mature teliospores erupted through the lower epidermal layer of the leaf (Fig. 3F) . No paraphyses were observed in the telium.
Analysis of Puccinia psychotriae herbarium specimen. Uredinia on the adaxial side of the leaves were round to oblong and ranged in size from 0.3 by 0.3 mm to 1.0 by 0.7 mm (Fig. 4A and C) . Telia on the abaxial side of the leaves were round to oblong with irregular boarders and ranged in size from 0.3 by 0.3 mm to 0.9 by 0.7 mm ( Fig. 4B and D) . Very few teliospores were observed, sometimes mixed with urediniospores, whereas urediniospores were abundant. In general, the spores recovered from the herbarium sample were very similar to those described by Hennings (1905) but the teliospores were slightly shorter in length ( Table 2) .
Comparison of the pustule and spore morphology between the wild coffee rust fungus and Puccinia psychotriae indicated that these are different species. The telia of the wild coffee rust pathogen were larger (2 to 12 mm) than those from P. psychotriae (0.3 to 0.9 mm). In addition, the dimensions (length and width) of the teliospores of the wild coffee rust fungus were significantly larger than those of P. psychotriae (length, P < 0.001 and width, P < 0.001; Fig. 5) .
Analysis ITS rDNA. The complete ITS region, including the 5.8S and approximately 550 bp of the 5¢ end of the LSU of the nuclear rDNA repeat, was cloned and sequenced from P. mysuruensis (GenBank accession number KC847089). All attempts to clone and sequence the complete ITS region or portions of it from the herbarium sample of P. psychotriae were unsuccessful.
Blast search of the GenBank nonredundant sequence database was unable to identify a match to the P. mysuruensis sequence; however, several highly related sequences were identified and used for analysis. Pairwise distance analysis based on percent identity of aligned sequences indicated that P. mysuruensis was most closely related to P. sparganioidis (ITS2, 87.54%) followed by P. bartholomaei (ITS2, 85.88%), Macruropyxis fraxini (ITS2, 85.59%), and P. choridis (ITS2, 83.78%) (Supplementary Table S2) . Maximum-likelihood analysis showed that P. mysuruensis clustered with four other rust fungi (M. fraxini, KP858145; P. bartholomaei, EF583820; P. choridis, KM096427; and P. sparganioidis, GU058027), which formed a wellsupported clade (Fig. 6) .The nearest sister clade contained three additional rust species (P. helianthi, KM096427; P. lagenophorae, KM096425; and P. violae, KM096424), followed by a third clade containing representative members of the P. graminis (DQ460727 and DQ417382) and P. coronata (AY114290 and DQ355454) species complexes. These data are consistent with the morphological data supporting the idea that P. mysuruensis represents a new rust species.
Taxonomy. Puccinia mysuruensis, Mahadevakumar, Szabo & Janardhana, sp. nov. MycoBank MB812884.
Etymology. In recognition of the geographical location from where the wild coffee rust pathogen was first observed and described.
Telia scattered mostly on abaxial side of leaf, a few associated with chlorotic spots on adaxial side, dark chestnut brown, rounded and 3 to 8 mm diameter. Teliospores 33 to 44.5 by 19 to 29.8 mm (39.7 by 24.8), broadly oblong to clavate, rounded above, attenuate below, slightly constricted at septum, smooth, spore wall 4 to 6 mm thick apical and 2 to 3.5 mm thick basal; pedicel hyaline and persistent, up to 180 mm long. Spermogonia, aecia, and uredinia are lacking.
Type on Psychotria nervosa. Mysore District, India (UOMMGB-201011; BPI 893210).
Discussion
A new rust disease was observed on wild coffee (Psychotria nervosa) in the scrub jungle forests of Mysore district, India during the rainy seasons from 2010 to 2013. This disease produced characteristic chlorotic spots on the upper leaf surface and typical brown to black patches (telia) on the lower leaf surface. The infected plants showed reduced growth, wilting of affected leaves during dry conditions, and loss of glossy appearance. Based on morphological and molecular data, the causal agent of wild coffee rust is described as a new species, Puccinia mysuruensis.
Based on inoculation and microscopic examination of germinating teliospores, P. mysuruensis was determined to have a microcyclic life cycle consisting of only two spore stages (teliospores and basidiospores). Upon germination, teliospores produced a typical metabasidium containing four haploid cells, which produced four basidiospores. Microcyclic life cycle is reported in several genera of rust fungi, including Coleosporium pinicola (Smith 1970) , P. malvacearum (Allen 1933; Blackman and Fraser 1906) , Ravenelia pringlei (Petersen 1974) , and Tranzschelia thalictri (Scholler et al. 2014) . P. malvacearum, similar to P. mysuruensis, produces only telia and basidia, with four basidiospores. Studies by Allen (1935) showed that P. malvacearum has haploid hyphae within the leaf that fuse to form diploid hyphae and that these hyphae were from different basidiospore infections. Thus, P. malvacearum is heterothallic. Other rust fungi that exhibit a short life cycle lacking pycnia and aecia often form metabasidium, producing two basidiospores initially with two nuclei per cell, and are homothallic (Anikster and Wahl 1985; Anikster et al. 1977 Anikster et al. , 1980 Anikster et al. , 2004 . Because P. mysuruensis forms a metabasidium with four cells and produces four basidiospores, it is assumed that it is also heterothallic; however, this needs further confirmation.
Three Puccinia spp. have been described that are pathogens of Psychotria spp. (Farr and Rossman 2015; Hennen et al. 2005) , each of which is morphologically distinct from P. mysuruensis. P. fallax Arthur and P. psychotriae both produce uredinia and telia and the teliospores dimensions are smaller (P. fallax, 26 to 31 by 13 to 16 mm and P. psychotriae, 30 to 35 by 13 to 16 mm). The third species, P. palicoureae, is very similar to P. fallax (Hennen et al. 2005) . Currently, it is unclear what the evolutionary relationships of these three species are with P. mysuruensis. Phylogenetic analysis of DNA sequence data would help resolve this; however, in the case of P. psychotriae, the only known sample is the type herbarium specimen collected in 1901 and attempts to generate DNA sequence data were unsuccessful. At present, DNA sequence data are not available for either P. fallax or P. palicoureae. Clearly, additional work needs to be done to develop DNA sequence data for an expanded phylogenetic analysis.
To date, no rust disease has been recorded on Psychotria nervosa; thus, this is the first report of rust on wild coffee caused by a new rust species, Puccinia mysuruensis. Additional surveys are needed to determine the extent of this disease spread throughout Southeast Asia where Psychotria nervosa generally grows as wild plant. In the southern United States, P. nervosa is widely grown as an ornamental and the spread of the Puccinia mysuruensis could have negative effects on its use.
